Caudal lateral epiblast ) to decrease B1 Sox expression in CLE. At 5-7 somite stages of mouse embryogenesis, these genetic manipulations caused approximately 30% higher production of paraxial mesodermal precursors, resulting in the development of larger somites. Analysis of mitotic cell populations suggested that decrease of B1 Sox expression in CLE does not activate cell proliferation but promotes cell migration into the mesodermal compartment. Thus, the low-level B1 Sox expression in CLE regulates axial stem cells to adjust the production of paraxial mesoderm precursors to an appropriate level.
Introduction
In the caudal portion of amniote embryos where mesodermal precursors are produced as derivatives of the epiblast migrating through the primitive streak, both neural plate cells and paraxial mesoderm precursors are produced from bipotential axial stem cells residing in the caudal lateral epiblast (CLE; the areas of the epiplast abutting the primitive streak) Takemoto et al., 2006; Tzouanacou et al., 2009; Wilson et al., 2009) . In CLE, the Sox2 enhancer N1 and the Sox3 enhancer NP1 are activated in a manner that is dependent on canonical Wnt and Fgf signaling (Nishimura et al., 2012; Takemoto et al., 2006 Takemoto et al., , 2011 , and this activation is followed by weak expression of B1 Sox genes, Sox2 and Sox3 . In mouse and chicken embryos, Brachyury, associated with paraxial mesoderm development, is also expressed in CLE in addition to B1 Sox genes ( 2005), which is consistent with the bipotentiality of axial stem cells. The population of CLE cells, inhabiting the epiblastic side, augments Sox2 and Sox3 expression and develops into the neural plate, whereas the second population, which migrates through the primitive streak into the mesodermal compartment, inactivates the enhancers and silences the expression of Sox2 and Sox3 (Takemoto et al., 2006 . Failure in the inactivation of Sox2 N1 enhancer in the mesodermal compartment, as observed in Tbx6 mutant mouse embryos, results in the development of ectopic neural tubes expressing Sox2 instead of paraxial mesoderm (Chapman and Papaioannou, 1998; Takemoto et al., 2011) .
At a very early stage (stage 4) of chicken embryo development, when only Sox3 is expressed at low level in CLE (without Sox2 expression), the two transcription factors Sox3 and Snail2 antagonize each other for the inhibition and promotion, respectively, of ingression of cells through the primitive streak (Acloque et al., 2011) . This observation raised the possibility that even at later stages of development when the bipotential axial stem cells occupy the CLE area, Sox2 and Sox3, which are expressed at low level, may play a role in the regulation of mesodermal precursor production.
Therefore, we introduced different genetic conditions in mouse embryos, under which the expression of Sox2 and/or Sox3 is lost in CLE. Sox2 N1 enhancer-deleted (Sox2
) mutant embryos , Sox3-null mutant embryos (Rizzoti et al., 2004) , and their double mutants were used for this purpose. The results reported in this paper indicate that Sox2 and Sox3 expressed at low level in CLE in $E8.5 mouse embryos play a role in preventing excess production of mesodermal precursors.
2.
Results and discussion 2.1. Expression of Sox2 and Sox3 in CLE at different stages after E8 and the effect of Sox2 N1 enhancer inactivation At developmental stages past E8.0 when somite production was initiated, both Sox2 and Sox3 were expressed in the CLE region adjacent to the primitive streak, although at lower levels compared with those in the neural plate regions (Fig. 1Aa, j) . During the developmental stages from 3 somite pairs (3s) to 7s, the expression pattern of Sox3 was relatively stable, exhibiting a shallow decreasing gradient of expression starting from the axial level of the closing neural plate through the node to the posterior end of the embryo (Fig. 1Aj, k, l) . In contrast, the decrease in Sox2 expression started at the node level and proceeded toward the posterior end during these stages.
Sox2 expression in this region depends on the N1 enhancer (Takemoto et al., 2006 Uchikawa et al., 2003) . The activity of the Sox2 N1 enhancer, as detected by N1-lacZ transgene expression , was confined to a narrow area of the epiblast near the primitive streak at the 3s stage, but the area expanded in the succeeding developmental stages and covered the entire CLE at the 7s stage (Fig. 1Ad , e, f). Consistent with this observation, N1 enhancer inactivation resulted in the loss of Sox2 expression in the posterior region of CLE, which was broadened with developmental stages. At the 3s stage, the Sox2 expression pattern was little affected in Sox2 DN1/DN1 embryos; however, at the 5s stage, Sox2 expression was lost posterior to the node, and at the 7s stage the Sox2-negative area extended to the level anterior to the node (Fig. 1Ag, h, i ). There appeared to be no cross-regulation between Sox2 and Sox3 at these developmental stages, because neither Sox3 inactivation nor Sox2N1 enhancer inactivation affected Sox2 or Sox3 expression in CLE (Fig. 1B(a and c) ).
2.2.
Development of Sox3-null, Sox2 DN1/DN1 and double mutant embryos
We sought to determine whether low-level expression of Sox2/Sox3 in CLE plays a regulatory role in either neural or mesodermal development; therefore, we created a Sox2
DN1/DN1
;Sox3-null condition in mouse embryos. Because Sox3 is located on the X-chromosome, the Sox3-null condition can be satisfied in either a Sox3À/À female or a Sox3À/Y male. In either case, Sox3-null animals are viable, presumably because Sox2 expression functionally compensates for the loss of Sox3 expression (Rizzoti and Lovell-Badge, 2007) . Mice lacking the Sox2 N1 enhancers are also viable and morphologically normal . We crossed Sox2 DN1/DN1 male and Sox3+/À female mice, and obtained Sox2
;Sox3+/Y male and Sox2
DN1/+
;Sox3+/À doubly heterozygous female mice. We further crossed these animals and obtained Sox2
DN1/DN1
;Sox3À/Y and Sox2
;Sox3À/À embryos, as determined by yolk sac genotyping. These Sox2 DN1/DN1 ;Sox3-null mutant embryos had normal morphology by external inspection. Even under the Sox2
;Sox3-null genetic condition, the expression pattern of Sox2 was indistinguishable from that of Sox2 DN1/DN1 embryos, including the strong Sox2 expression in the spinal cord ( Fig. 1B(b) ), consistent with the notion that Sox2 and Sox3 do not cross-regulate at these developmental stages. The Sox2 DN1/DN1 ;Sox3-null mutants developed into adults only with the decrease in fertility, which is attributed to the Sox3-null condition (Rizzoti et al., 2004) , and with occasional kinks of the tail (data not shown).
2.3.
Abundant mesodermal precursor production in the absence of Sox2/Sox3 expression in CLE Although Sox2
DN1/DN1
;Sox3-null embryos were indistinguishable from wild-type embryos by gross morphological inspection, histological analysis of embryos at stages 5s to 8s revealed that all Sox3-null and Sox2
;Sox3-null embryos accumulated more abundant cells under thickened CLE (Figs. 2 and 3), which represent paraxial mesoderm precursors, as indicated by Brachyury expression (Fig. S1 ). Fig. 2B shows such specimens at the mid-streak level at the 5s stage, clearly indicating abundant production of paraxial mesoderm precursors. Sox3-null and Sox2
;Sox3-null embryos were very similar, whereas Sox2 DN1/DN1 embryos were hardly distinguishable from wild-type embryos with respect to the abundance of paraxial mesoderm precursors, which was consistent with the observation that N1 enhancer inactivation affects Sox2 expression in CLE only after the 5s stage ( Fig. 1Ah, i ).
At the 7s stage, the effect of B1 Sox inactivation in CLE on the surplus production of paraxial mesoderm precursor became more conspicuous in Sox3-null embryos (Fig. 3) . Although the effect of the Sox2 DN1/DN1 condition per se was negligible, Sox2
;Sox3-null embryos produced even more abundant paraxial mesoderm precursors than Sox3-null embryos. Moreover, the region of thickened CLE became narrower in Sox2
;Sox3-null embryos (Fig. 3) , and concaving of CLE continued toward the posterior end of embryos where the concavity was gradually lost in wild-type and single mutant embryos ( Fig. 3; Fig. S1 ). Thus, the Sox2
; Sox3-null double mutant condition that abolished B1 Sox expression affected the CLE histogenesis and paraxial mesoderm precursors. 
and Sox3 expression in wild-type embryos (j-l) at stages 3-4s, 5s and 7s in dorsal views. Wild-type Sox2 specimens at stages 5s and 7s were also hybridized with the Not probe (reddish signal), which indicates the node position (b and c). N1 enhancer activity was detected in the node and caudal lateral epiblast (CLE), and its activity in CLE increased after the 5s stage. The axial levels at which Sox2 expression was lost in Sox2 DN1/DN1 embryos are indicated by brackets for 5s-and 7s-stage embryos.
Data for b, c, k and l were reproduced from corresponding data of Uchikawa et al. (2012) , Fig. 3 . Data for j was obtained using Sox2 +/DN1 embryo. (B) (a and b) Sox2 expression patterns in a Sox3-null embryo (a) and a Sox2 DN1/DN1 ;Sox3-null embryo (b), which are indistinguishable form wild-type and Sox2 DN1/DN1 embryos, respectively. (c) Sox3 expression pattern in a zSox2 DN1/DN1 embryo at the 5s stage, which is indistinguishable from wild-type embryos. Bars indicate 500 lm.
2.4.
Effect of Sox2 DN1/DN1 and/or Sox3-null conditions on cell numbers in CLE and paraxial mesodermal precursors
To more precisely assess the effect of the loss of Sox2 and/ or Sox3 expression in the CLE, we prepared serial cross-sections posterior to the node (Fig. 4A) for embryos of the corresponding genotypes shown in Fig. 4 , and counted the cells in two compartments of a section, i.e., those in CLE and in paraxial mesodermal precursors (Fig. 4B ). The cell numbers were then averaged for different embryos at each axial level separated by 1/16 of the primitive streak length. The analysis covered the 1/16-11/16 levels of the primitive streak, because the neuro-mesodermal bipotential axial stem cells are distributed roughly at these axial levels (Cambray and Wilson, 2007; Kondoh and Takemoto, 2012) . This analysis confirmed the general conclusion drawn from visual inspection of the histological sections (Figs. 2 and 3 ) and indicated details concerning the axial distribution of cells.
At the 5s stage, both Sox2
DN1/DN1
;Sox3-null and Sox3-null embryos had 30-36% more mesodermal precursor cells beneath thickened CLE compared with wild-type and Sox2 DN1/DN1 embryos throughout the axial levels (Fig. 4D) .
However, the Sox2 DN1/DN1 condition alone did not cause a significant effect. At the 7s stage, the loss of Sox3 expression caused an increase in mesoderm precursors. However, in Sox2 Sox3-null double mutant embryos, more abundant paraxial mesodermal cells were produced compared with Sox3-null embryos, particularly at posterior axial levels (Fig. 4F) . Sox2 DN1/DN1 embryos were similar to wild-type embryos with respect to mesodermal precursor production. In contrast, the numbers of cells in thickened CLE were not significantly affected by the change in the expression of Sox2/Sox3 at the 5s stage (Fig. 4C) . However, at the 7s stage, Sox2
;Sox3-null and Sox3-null embryos showed a significant decrease in cells (10-15% decrease) compared with wild-type embryos posterior to the 3/8 primitive streak level (Fig. 4E) .
These observations indicate that in Sox3-null and Sox2
;Sox3-null embryos, paraxial mesoderm cells were more abundantly produced compared with wild-type or Sox2 DN1/DN1 embryos.
Possible regulation of the mesodermal precursor production in CLE
Two different models can be considered to account for the increase of paraxial mesoderm precursors under reduced B1 Sox expression in CLE. The first possible model is that with reduction of Sox2/Sox3 expression in CLE, the mesodermal precursors, after ingression through the primitive streak, proliferate more vigorously. Implicit in this model is that certain regulatory molecules should be secreted from CLE regulated by Sox2/Sox3. The second possible model is that reduction in Sox2/Sox3 in CLE promotes massive migration of CLE cells through the primitive streak.
Because these models may be distinguished by the change in cell proliferation in mesodermal compartment, we stained cryosections of embryos of wild-type Sox3-null and ;Sox3-null (n = 4) embryos at the 1/2 primitive streak level. All Sox3-null embryos had more abundant paraxial mesoderm precursors than wild-type embryos, as indicated by the bracket. All Sox2 DN1/DN1 ;Sox3-null embryos contained more abundant paraxial mesoderm precursors (a larger bracket), and narrower and more concave CLE than other genotypes (bidirectional arrow). (B) Cross sections at 1/4 and 5/8 primitive streak levels, confirming the abundance of the paraxial mesoderm at various axial levels in Sox3-null and Sox2 DN1/DN1 ;Sox3-null embryos, and narrower CLE in Primitive streak axial levels Primitive streak axial levels Fig. 4 -Evaluation of cellular abundance in the CLE and paraxial mesoderm precursors at various axial levels across the primitive streak. Using hematoxylin-eosin-stained cross-sections at various primitive streak levels shown in (A), the nuclei in a section were counted for CLE and paraxial mesoderm precursors, as schematically shown in (B). Lines were drawn between the edge of thickened CLE and outer limit of the dorsal aorta (broken lines), and the cell nuclei located between these boundaries were counted. (C and D) The average of cell counts in CLE (C) and the paraxial mesoderm precursors (D) at respective axial levels of 5s-stage embryos of wild-type (n = 5), Sox2 DN1/DN1 (n = 6), Sox3-null (n = 5), and Sox2
DN1/DN1
;Sox3-null (n = 5) embryos. Vertical bars indicate standard errors. p-value was <0.001 using Student's t-test for the cell number differences in paraxial mesoderm precursors at 1/16 to 7/16 axial levels between Sox2 DN1/DN1 ;Sox3-null and wild-type embryos. (E and F) The average of cell counts in CLE (E) and the paraxial mesoderm precursors (F) at respective axial levels of 7s-stage wild-type (n = 4), Sox2 DN1/DN1 (n = 3), Sox3-null (n = 4), and Sox2 DN1/DN1 ;Sox3-null (n = 4) embryos. p-value was 0.001 for the cell number differences in CLE at 7/16 to 11/16 axial levels between Sox2 DN1/DN1 ;Sox3-null and wild-type embryos (E), and it was <0.001 for the differences in paraxial mesoderm precursors at 5/16 to 11/16 axial levels (F). DN1/DN1 ;Sox3-null embryos. p-value was <0.001 for the difference of mitotic frequency in the paraxial mesoderm precursors between wild-type embryos and Sox3-null and Sox2 DN1/DN1 ;Sox3-null embryos combined, whereas p-value was 0.48 for the difference in CLE. (C) Expression pattern of Snail1 at the 5s stage, which was identical between wild-type and Sox3-null embryos. A total of 4 wild-type and 7 Sox3-null embryos of 3s to 8s stages were examined, confirming no ectopic Snail1 activation in the latter. Arrows indicate the primitive streak. Bar indicates 200 lm.
Sox2

DN1/DN1
;Sox3-null genotypes at the 7s stage with antiphosphorylated H3 histone (p-H3), which detects mitotic cells (Fig. 5A ). As shown in Fig. 5B , mesodermal precursors in Sox3-null and Sox2
;Sox3-null embryos did not show any increase but even showed decrease in the mitotic cell fraction, clearly ruling out the first model. In contrast, in CLE, the cell proliferation was not significantly affected in Sox3-null or Sox2
;Sox3-null embryos. We tested the third model
A B C D
where extensive apoptosis in the wild-type mesodermal precursors reduced cell numbers compared with that in Sox3-null or Sox2
DN1/DN1
;Sox3-null embryos. Detection of apoptosis by Caspase 3 activation indicated that the fraction of apoptotic cells was lower than 1% in either CLE or mesodermal compartments, regardless of the primitive streak axial levels or the genotypes (data not shown), thus ruling out this model. Therefore, the most likely model indicates that the promotion of CLE cell migration into the mesodermal compartment through the primitive streak occurs under decreased B1 Sox expression. The observed reduction in the CLE cell number at the posterior axial levels in Sox3-null and Sox2
; Sox3-null embryos at the 7s stage (Fig. 4E ) and the narrowing of CLE in Sox2
;Sox3-null embryos at the posterior axial levels (Fig. 3) , where the production of mesodermal precursors was extensive (Fig. 4F) , are in strong support of the model of accelerated cell migration.
In early stage chicken embryos also, the loss of Sox3 expression promoted the migration of CLE into the mesodermal through the primitive streak, and this promotion of cell migration relied on the activity of transcription factor Snail2 (Acloque et al., 2011). In mouse embryos, Snail1 plays the role of Snail2 in chicken embryos (Acloque et al., 2011; Locascio et al., 2002; Sefton et al., 1998) . At the E6.5 stage of mouse embryos, the loss of Sox3 expression in Sox2+/À heterozygous condition ectopically activated Snail1 expression, expanded the primitive streak region, and caused dysregulated production of mesodermal precursors (Acloque et al., 2011) . However, at stages in the progression of somitogenesis, Snail1 is not expressed in the primitive streak (Sefton et al., 1998) . Therefore, we investigated whether Snail1 is ectopically activated in the primitive streak of Sox3-null embryos after the E8 stage; however, Snail1 was not ectopically activated (Fig. 5C) . Thus, promotion of cell migration to the mesodermal compartment is due to mechanisms other than Snail1 activation.
2.6.
The production of larger somites and extra somitic tissues as a consequence of excess of paraxial mesodermal precursors Next, we sought to determine the consequence of excess production of paraxial mesodermal precursors in Sox2 DN1/DN1 ; Sox3-null and Sox3-null embryos during somite development. We analyzed histological sections of the 7s-stage embryos in somite-forming levels (Fig. 6) . The section through the median level of the 7th (the most nascent) somite in Sox2
;-Sox3-null embryos indicated the production of larger somites (in medio-lateral and dorso-ventral dimensions without changes in axial periodicity) than wild-type embryos (Fig. 6AB) . At this axial level of the 7th somite, Sox2 DN1/DN1 ;-Sox3-null embryos contained 37 cells per section on average, compared to 28 cells in the wild-type embryos (Fig. 6C) , thereby indicating >20% increase, which was comparable to the increase in paraxial mesodermal precursors at the 5s stage (Fig. 4D ). Sox2DN1/DN1;Sox3-null embryos occasionally ($1/6 cases) produced small extra somitic tissues positioned between normal somites and lateral plates (Fig. 6A, arrows) . These extra somitic tissues expressed somite-characteristic Meox1, but were not cleaved with the same periodicity as major somites (Fig. 6B, arrow) . Sox3-null embryos also produced larger somites than wild-type embryos, but the differences in the somite sizes were less pronounced compared with Sox2
DN1/DN1
;Sox3-null embryos ( Fig. 6A and C) . Thus, the excess production of paraxial mesoderm precursors resulted in the production of larger somites and extra somitic tissues.
Conclusions
In CLE of mouse embryos, which serves as the bipotential precursors for paraxial mesoderm and neural plate, Sox2 and Sox3 sharing analogous functions are expressed at low levels. By combination of Sox3-null and Sox2 DN1/DN1 genetic conditions, B1 Sox expression in CLE was ablated. Under such conditions, paraxial mesodermal precursors were produced 20-30% more than those by wild-type embryos, resulting in the development of larger somites. The absence of accelerated cell proliferation in the paraxial mesodermal precursors and the reduction of CLE cell number at the posterior primitive streak levels support the model in which massive cell migration into the mesodermal compartment is promoted by the absence of B1 Sox expression in CLE. Thus, B1 Sox genes expressed at low levels in CLE play a role in the regulation of the production of paraxial mesoderm.
4.
Experimental procedures
Mouse embryos and genotyping
Sox2N1 mutant, N1-LacZ transgenic and Sox3 mutant mice were reported previously (Rizzoti et al., 2004; Takemoto et al., 2011) . Mutant mice were initially generated in a 129 background, and crossed to a DBA/C57/B6 hybrid background and 7 in their respective genotypes of embryos, wild-type (n = 3 for S5 and S6, and n = 4 for S7), Sox3-null (n = 2 for S5, and n = 3 for S6 and S7) and Sox2
DN1/DN1
;Sox3-null (n = 4). Because bilateral somites were independently counted, the sample numbers were twice as large as embryos for each genotype. Averages and standard errors (vertical bars) are indicated. p-value was 0.01 for the differences in cell number in 7th somites between wild-type and Sox2 for several generations. The genotypes of embryos were determined by PCR analysis of yolk sac DNA using primers described below. Sox2N1 enhancer alleles: N1F GGTATTGCCATCCAA-CAAAAAGTTGTGG and N1R CTCCTTCAAAGCAAAACC-GAAAACAGC (which produced 588-bp wild-type and 334-bp N1 mutant PCR products). Sox3 alleles: Wild-type allele was detected by the combination of Fd mSox3 CACGGCGACCTG-TCAATCACGAG and Rv mSox3 GTGGGGTGTGCGGCTCAGGTAG (which produced PCR products of 363 bp); Sox3-deleted allele was detected by the combination of Fd mSox3 common TCGGGTGGTGGGGAAGGGGTTAT and Rv MmGFP GGCATGGC GCTCTTGAAGAAGTCG (which produced a 480 bp PCR product). Because Sox3 is X-linked, the sex of the embryos was determined utilizing differences in PCR product length between the Ube1 genes on the X and Y chromosomes (Chuma and Nakatsuji, 2001 ). Ube1 alleles: Ube1 F TGGTCTGGACC CAAACGCTGTCCACA, Ube1 R GGCAGCAGCCATCACATAATCC-AGATG, which yielded PCR products of 217 and 198 bp for Xand Y-chromosome alleles, respectively. All experiments involving recombinant organisms and experimental animals were performed according to the institutional guidelines of the authors' affiliations.
Histological procedures
For hematoxylin-eosin staining, embryos were fixed in Bouin's fixative, embedded in paraffin, sectioned at the thickness of 5 lm, deparaffinized, stained with Mayer's hematoxylin (Sakura Finetek) for 15 min, treated with 90% ethanol and 0.75% HCl for 2 min, washed in tap water for 5 min and were stained with eosin. After dehydration, the specimens were mounted using ENTELLAN neu (Merck). Whole-mount in situ hybridization of embryos was performed using the probe sequences and conditions for hybridization described previously , with exception of the Snail1 probe (Sefton et al., 1998) . Immuno-stained embryo cryosections were prepared according to the method described previously , and mounted using Prolong Antifade (Molecular Probes). Combinations of rabbit antiphospho-histone H3 antibodies (Upstate, #06-570) and goat anti-rabbit IgG-Alexa Flour 488 (Molecular Probe A-11304), and rabbit monoclonal antibody against cleaved Caspase 3 (Cell Signaling Technology, #9664) and anti-rabbit MAX-PO (Nichirei) were used to detect respective antigens.
